Our aim was to compare the ultrastructure of penile cavernous tissue in the spontaneous hypertensive rat (SHR) and normotensive rat, and study the relation of blood pressure with erectile function. After injection of apomorphine (APO), penile erectile frequency in 16-week-old SHR (group A) and Wistar-Kyoto rat (WKY) (group B) was observed and noted. The ultrastructure of the penile cavernous tissue was studied by scanning electron microscope and transmission electron microscope. The mean blood pressures were significantly higher in group A than in group B (P ¼ 0; 171.20710.94 and 117.60712.38, n ¼ 5, for group A and group B, respectively). After treatment of the two groups with APO, the erectile frequency in group A was significantly less than in group B (P ¼ 0.007; 0.4070.55 and 2.4071.14, n ¼ 5, for group A and group B, respectively). Significant ultrastructural pathological changes were observed in the tunica albuginea and penile cavernous tissue of SHR. The elastic fibers were decreased and the collagen fibers of the sinusoid were increased in group A. The tunica albuginea thickness (mean7s.d.) was 100.2077.22 lm and 126.0077.65 lm in group A and group B, respectively. The tunica albuginea of group A was significantly thinner than that in B (P ¼ 0.001). Some endothelial cells and smooth muscle cells exhibited damaged mitochondria, and endoplasmic reticulums and Schwann cells were degenerated in group A. Although the function of penile erection might be affected by a secondary effect related to endothelial dysfunction of hypertension, these ultrastructural pathological changes of the penile cavernous tissue might also be one of the important mechanisms of erectile dysfunction caused by hypertension.
Introduction
The tunica albuginea and corpus cavernous of the penis have an important role in the mechanism of erection. Ultrastructural alterations occurring in penile cavernous tissue with erectile dysfunction (ED) have been reported by several authors. Mersdorf et al 1 demonstrated that different medical conditions produce similar degenerative tissue responses. Karadeniz et al 2 reported that no significant ultrastructural alteration was noticed in the group with moderate arterial dysfunction; decrease and deterioration of smooth muscle cells was the prominent finding in the severe arterial and venogenic dysfunction groups. In patients with moderate arterial disease, a distinct increase in mitochondria with aggregation and cytoplasmic vacuolization in smooth muscle cells was noted. In patients with severe arterial insufficiency, the cellular structure was markedly altered. 3 Corpora cavernosa of impotent patients with arterial pathology and with venous insufficiency were found to cause the degeneration in the smooth muscle samples and the endothelial cell lining of the sinusoids. 4 In venoocclusive dysfunction, edema and increase of fibroblasts in collagen fibers of the corpus cavernosum and the tunica albuginea were also demonstrated. 5 Bellinghieri et al 6 found that there were major ultrastructure changes in smooth muscle cells, endothelial cells and nerve fibers of the corpora cavernosa in 20 patients with end-stage renal disease who were treated with chronic dialysis. The pathology of the corpus cavernosum biopsy specimens in ED patients revealed a smooth muscle cell thickened basal membrane, dilated rough endoplasmic reticulum, and increased numbers of fibroblasts, but ultrastructurally normal endothelial cells lining the sinusoids. 7 A reduction in the elastic fibers in the tunica albuginea and disorders in the arrangement of the collagenic fibers also have been observed in impotent men. 8 Hypertension is one of the important risk factors resulting in ED. However, the mechanism of ED in hypertension is unknown. In the studies of spontaneous hypertensive rats (SHR), it is reported that ED in hypertensive rats results from an impairment of the relaxation induced by neurogenic CO and NO. 9 Wilkes' data indicate that hypertension is associated with impairment in the SHR neurogenic erectile response. 10 A dysfunctional alpha-adrenergic contraction of the corporal smooth muscle, an increased cyclooxygenase-dependent constrictor tone, and/or a defect in endothelium-dependent reactivity are associated with the altered erectile mechanisms in SHR.
11 In Toblli's study, they concluded that SHR present morphologic changes in vessels as well as in cavernous spaces of the erectile tissue that have a high positive correlation with high blood pressure. Moreover, the increase in extracellular matrix expansion seems to affect not only the interstitium but also the neural structures of the penis. 12 Hale's data suggest that antihypertensive drugs induce structural remodeling of the penile vasculature. 13 The improvement in erectile function after brief antihypertensive treatment may be related to improvement in structurally based vascular resistance within the penis.
14 However, the effect of hypertension on the rat penile ultrastructure has not been described in detail. This study investigated the ultrastructural changes of penile cavernous tissue in hypertensive and normatensive rats, in order to provide the basis for the rational treatment of ED caused by hypertension.
Materials and methods
In total, five 16-week-old male SHR and five male age-matched normotensive Wistar-Kyoto rats (WKY rats), purchased from the Experimental Animal Center of Zhejiang University, had free access to tap water and a standard rat chow. Mean blood pressure was measured weekly by the tail/cuff method. 15 All procedures were performed in accordance with the guidelines of the China Council on Animal Care. Apomorphine (APO) was purchased from Sigma Inc.
APO test
When the rats were 16 weeks old, after weighing, erectile responses were assessed by injection of APO (80 mg/kg, subcutaneously) in the loose skin of the back of the neck. 16 Experimentation began at 1900 hours and each rat was tested at the same time of day. The rat was observed for 30 min. The frequency of normal erectile response was recorded according to the frequency of emerging of engorged glans and distal penile shaft. A penile erection was considered to occur when the following behaviors were presented: stretching of the penis with a congested glans, repeated pelvic thrusts immediately followed by an upright position, complete emergence of an engorged glans penis and distal penile shaft, and the rat proceeding to groom; otherwise, the result was negative.
Scanning electron microscopy and transmission electron microscopy
The rats were killed by intraperitoneal injection of 10% Chloral hydrate after blood samples were taken and analyzed for serum testosterone with radioimmunoassay, and cholesterol, triglyceride and serum electrolyte including sodium, potassium and chloride levels were analyzed by enzyme immunoassays. Penile cavernous tissue samples 2 mm Â 2 mm Â 2 mm from all the animals were obtained from similar sites of penis on the side of mid-penile shaft at 1900 hours and were examined by scanning electron microscopy and transmission electron microscopy. Samples for electron microscopy were processed using routine techniques. The tissues were washed with physiological saline solution, fixed in 2.5% glutaraldehyde (pH 7.3) and washed in 0.1 M phosphate buffer saline (PBS). The samples were postfixed in 1% osmium tetroxide for 2 h, dehydrated in a graded series of ethanol solutions and propylene oxide. The samples were dried by the critical point drying method. Then, they were mounted on suitable carriers and coated with gold. The samples were examined under a scanning electron microscope (Leica-Stereoscan 260, UK). The other samples were embedded in Epon 812 before they were thinly sectioned. The thin sections were mounted on 200-mesh copper grids and stained with 2% uranyl acetate and 1% lead citrate before examination in a transmission electron microscope (TECNA10, Philips). The voltage used was 10 kV. Quantitive comparison of five grids per tissue sample was used to assess alterations in numbers of cells.
Data processing
Data were expressed in mean7standard deviation. The mean blood pressure, serum testosterone and the thickness of the tunica albuginea were analyzed Ultrastructural comparison of penile cavernous tissue in SHR and normotensive rat R Jiang et al using the ANOVA test, the number of cells using the Pearson chi-square test and the erectile frequencies data using Wilcoxin-signed ranks test between group A and group B. The results were assessed statistically using SPSS for windows 10.0 software. The level of significance for all was set at Po0.05.
Results
Endothelial cells and smooth muscle cells were frequently seen in all tissue samples in the two groups. In four of five SHR and in three of five WKY, multiple axons were found in the samples. In four of five SHR, the degree of pathological changes was significantly different from that in WKY. These changes included the endothelial cells, smooth muscle cells, Schwann cells, tunica albuginea and elastic fibers.
APO test
The body weight, serum concentrations of testosterone, mean blood pressure and erectile frequency after treating with APO are shown in Table 1 . The mean blood pressure was significantly higher in group A than in group B (Po0.05). The erectile frequency was significantly less in group A than in group B (Po0.05). There were no significant differences in the body weight, serum cholesterol, triglyceride, sodium, potassium and chloride levels between group A and group B (P40.05) (data not shown). 
Transmission electron microscopy

Scanning electron microscopy
The thickness of the tunica albuginea was 100.2077.22 and 126.0077.65 mm in Group A and Group B, respectively, being significantly thinner in the former (P AB ¼ 0.001).
Group A. A large amount of interstitial collagen fibers hyperplasia was present in the sinus, and the microvascular structure was irregular and scattered throughout the connective tissue. The space of sinusoids was narrowed. The proliferation of collagen fibers arranged irregularly (Figure 3a) . The collagen fibers in the inner layers of the tunica albuginea lined irregularly and lost direction. The main collagen fibers in the outer layers of the tunica albuginea lined irregularly, and the elastic fibers decreased significantly (Figure 4a ). There were diffusedly distributing pores in the endothelium of the sinus (Figure 5a ). 
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Group B. The collagen fibers in the inner and outer layers of the tunica albuginea arranged regularly and undulated (Figure 4b) , and the elastic fibers were abundant (Figure 4c ). There were infrequently observed pores in the endothelium of the sinus (Figure 5b ).
Discussion
The tunica albuginea and cavernous of the penis is thought to play a major role in the erection mechanism. A study showed that approximately 30% of hypertension patients had ED with arterial impairment as the primary cause. 17 In hypertension, small arteries in a variety of vascular beds including the penis underwent structural changes such as medial thickening, lumen narrowing and increasing of vascular resistance, which are the important causes of tissue ischemia and anoxia. In hypertension, a high intraluminal pressure may damage Ultrastructural comparison of penile cavernous tissue in SHR and normotensive rat R Jiang et al the endothelium and smooth muscle cells that lead to local thrombi formation and ischemic necrosis. 18 Endothelial cell apoptosis was more frequent in hypertensive animals than in controls. 19 In addition, alterations in endocrinologic changes, neurologic dysfunction, medication and associated systemic diseases that related to the advancement of hypertension may impact erectile function. 17, 20 These data suggested that hypertension might affect the ultrastructure of the penis too, but the exact effect of hypertension on the ultrastructure of the erectile tissue has not been available so far in the literature. The present study was designed to elucidate this point in rats.
According to our data, no significant histological changes of penis were found in hypertensive rats under the light microscope and there are also no significant statistical differences in the number of apoptoic cells in the penile cavernous tissue between the SHR group and the normotensive rat group when analyzed by means of TUNEL (TdTmediated dUTP nick end labeling method, TUNEL) (data not shown). However, the electron microscope played an important role in the detection of the ultrastructural changes. The ultrastructural findings in SHR revealed that part areas of the myelin sheath of Schwann cells showed degeneration such as a vacuolated or reticulated appearance. Neural integrity is essential for maintaining penile Ultrastructural comparison of penile cavernous tissue in SHR and normotensive rat R Jiang et al homeostasis. 21 The degeneration of the myelin sheath in the Schwann cells might damage the nerve signal transduction during erection. Some smooth muscle cells and endothelium cells exhibited the nuclei marginated, which indicated that the cells might be in the early stage of apoptosis, although the apoptotic bodies were not observed. In group A, there are diffusedly distributing pores in the endothelium of the sinus; however, these are infrequently observed in group B. These changes might damage the smooth muscle relaxation, sinusoids' dilation and increase resistance to outflow of blood from the artery. The interstitial collagen fibers hyperplasia might result in the reduction of cell-tocell contact. 1, 3, 6 Cell-to-cell contact is the major modulator of smooth muscle tone in the corpora. Decreased cell-to-cell contact might decrease the release of neurotransmitters that participate in modulating the corporal smooth muscle tone during erection.
The tunica albuginea consists mainly of thick collagenous bundles and few elastic fibers. Elastic fibers have the function of stretching the collagen bundles during erection. The alterations in the microarchitecture of the tunica albuginea, including a decrease in the elastic fibers, may contribute to impotency in the rat. 22, 23 There were more interstitial matrixes and fewer smooth muscle cells in the corporeal tissue of impotent individuals than the normal men. 24 Meanwhile, in impotent patients with corporeal veno-occlusive dysfunction and arterial lesions, the percentage of collagen fibers replacing the smooth muscle cells is increased. 25 The tunica albuginea is mainly composed of a longitudinal outer layer and an inner layer of transversely oriented collagen bundles. Two layers of collagen bundles interleaving each other may be beneficial in diminution of venous outflow of the corpora cavernosa during erection. The venous drainage of the penis is via subtunical veins that are thought to be compressed to reduce drainage during erection. On scanning electron microscopy, this study indicated that in SHR, there were many structural changes in the collagen architecture of the tunica albuginea, which developed from inner layer to outer layer. The tunica albuginea became much thinner, with collagen bundles losing direction and undulation. These pathological alterations should result in veno-occlusive dysfunction, impairing erection. The smooth muscle fibers are the structural basis for sinusoidal relaxation and the development of erection. Increased deposition of irregularly lined collagen in sinusoids caused stiffness of the walls, reduced the corporal smooth muscle compliance and elasticity, and might modify the intercellular communication through cell-to-cell contact. The corporal spaces became narrow, unable to retain blood, and decreased inflow of blood into the sinusoidal spaces to elevate pressure within the penis. The results of this study indicated that degeneration of the myelin sheath in Schwann cells, the increased amounts of collagen with reduced elastic fibers and tunica albuginea alterations were the characteristics of penile ultrastructural changes in SHR. It might be related to penile cavernous vascular structure diseases caused by hypertension, resulting in medial thickening with a concomitant decrease in luminal diameter and local tissue ischemia, causing fibrosis and tissue remodeling, which may deleteriously impact erectile function. Different medical conditions may produce similar penile degenerative tissue response. 23 The ultrastructural alterations in the penile tissue of ED were nonspecific.
APO stimulates dopamine receptor in the paraventricular nucleus of the hypothalamus to induce rat erection. 26 So, the APO test may be accepted as a measure and the parameters used to interpret the erectile function in conscious rats. [27] [28] [29] [30] The mean blood pressure was significantly higher in group A than in group B and there were no significant serum testosterone levels between the two groups. Accordingly, the erectile frequency was significantly reduced in group A compared with group B (0.4070.55 vs 2.4071.14) after the two groups of Ultrastructural comparison of penile cavernous tissue in SHR and normotensive rat R Jiang et al rats were treated with APO injection. These data show that hypertension has been associated with diminished erectile function. ED is the result of persistent hypertension. Although a multitude of factors contribute to ED associated with hypertension, the ultrastructural changes of the tunica albuginea and corpora cavernosa could also play an important role. Clinically, hypertensive patients underwent treatment with antihypertensive drugs, but not all of the erectile function was improved. [31] [32] [33] The cause of ED in patients with less response to antihypertensive drugs may be related to the ultrastructural changes of the tunica albuginea and corpora cavernosa caused by hypertension. These results indicate that early antihypertensive treatment administered before the penile ultrastructure pathologic changes develope may be more effective in improving ED in hypertensive patients. Our ultrastructural studies might have been enhanced by performing specific assays for nitric oxide, vascular endothelial growth factor and its receptors, and ion channel identification. A greater value may be achieved from continued work in this field if greater insight is provided on functional analysis, such as through direct measurement of intracorporal pressure, and longer term studies are performed.
